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1.  Objective 


Small  autonomous  systems  require  a  series  of  navigational  sensors  to  achieve  autonomy.  One  of 
the  most  critical  sensor  modalities  to  a  flying  robot  is  the  ability  to  detect  roll,  pitch,  and  yaw. 
Inertial  measurement  units  (IMUs)  that  are  capable  of  measuring  roll-pitch-yaw  for  large  scale 
platforms  exist;  however,  these  devices  are  large,  power  hungry,  require  vacuum  packaging,  and 
fundamentally  fail  at  the  smaller  sizes  as  they  would  cripple  the  entire  mobile  microsystem. 
Coupling  the  capability  developed  under  this  Directors  Research  Initiative  (DRI)  with  existing 
technology  for  optical  flow  would  enable  navigation  beyond  what  navigation  grade  IMUs  are 
currently  capable  of.  Current  drive  motors  typically  couple  large  amounts  of  energy  into  the 
IMUs,  and  these  effects  tend  to  become  exacerbated  at  smaller  scales,  making  existing  IMUs 
ineffective. 

It  is  therefore  necessary  to  design  a  new  IMU  mode  that  is  not  susceptible  to  the  system  noise  but 
is  still  sensitive  enough  to  accurately  measure  the  system  roll-pitch-yaw.  Biologically,  insects 
achieve  this  by  utilizing  two  halteres,  which  are  weighted  pendulums  that  oscillate.  The  two 
halteres  have  a  series  of  hair-like  sensors  around  the  base  of  the  pendulum  (sinsilla)  that  detect 
the  out-of-plane  motion  caused  by  roll-pitch-yaw  induced  Coriolis  forces.  It  had  long  been 
thought  that  halteres  were  passively  driven  to  oscillate;  however,  this  is  not  the  case.  They  are 
actively  driven  by  the  flight  muscles,  which  also  accounts  for  the  matched  frequency  but  out  of 
phase  nature  of  the  oscillations  (Pringle,  1948). 

Mechanical  halteres  have  been  previously  investigated  for  flying  platforms  of  this  scale  (Wu  et 
al.,  2003;  Chen  et  al.,  2007).  They  have  demonstrated  that  Coriolis  effects  are  measureable  with 
these  devices.  Most  research  to  date,  though,  has  focused  on  a  passively  driven,  single  (i.e.,  non- 
coupled)  haltere.  While  Coriolis  effects  are  indeed  measureable  with  this  type  of  device,  they 
are  still  sensitive  to  system  noise,  and  they  require  a  significant  amount  of  computation  to 
decouple  the  various  components  of  the  force  equation.  By  driving  the  haltere  at  an  optimum 
frequency,  it  should  be  possible  to  minimize  the  system  noise  effects,  and  by  coupling  two 
halteres,  it  should  be  possible  to  differentially  sense  the  roll-pitch-yaw  and  substantially  simplify 
the  force  equation. 

The  objectives  for  this  research  were  the  following: 

1.  Apply  the  force  equations  to  uncoupled  and  coupled  halteres.  (2Q,  Accomplished ) 

2.  Use  the  results  of  the  theoretical  investigation  to  determine  the  optimal  size,  materials  and 
drive  frequency  of  the  halteres  in  both  coupled  and  uncoupled  states.  (2Q,  Accomplished ) 

3.  Fabricate  a  microelectromechanical  system  (MEMS)-scale  haltere.  (3Q,  Accomplished ) 
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4.  Test  and  characterize  the  performance  of  the  MEMS-scale  haltere,  and  compare  the  results 
to  the  theoretical  predictions.  (4Q,  Partially  Accomplished) 

To  date,  concept  generation,  advanced  modeling,  and  fabrication  on  the  angular  rate  sensor  has 
been  completed  and  is  reported  here.  At  time  of  submission  (December  2011),  the  size  of  the 
sensor  system,  to  be  developed  within  this  DRI  is  the  world’s  smallest  angular  rate  sensor. 


2.  Approach 


Proprioceptive  sensors  enable  mobility  control  for  mm-scale  robotics  and  are  essential  to 
achieving  stable  flight  in  aerial  autonomous  systems,  but  they  are  challenging  to  integrate  at  this 
scale.  For  instance,  stable  hover  of  the  aforementioned  mm-scale  flapping  wing  platforms 
requires  three  types  of  proprioceptive  control.  These  include  a  means  of  orientation  control, 
three-axis  relative  velocity  control,  and  three-axis  angular  rate  control.  Examining  biology,  most 
flying  insects,  particularly  two  wing  or  order  diptera,  use  both  visual  and  inertial  sensors  for 
stable  flight  (Wu  et  al.,  2003).  Research  has  shown  that  diptera  use  visual  cues  and  optic  flow 
for  orientation  and  velocity  data.  They  sense  angular  rate  through  a  Coriolis  force  measurement 
on  a  vibrating  club-like  structure  call  a  haltere.  Sherman  and  Dickinson  found  both  the 
compound  eyes  and  the  mechanosensory  halteres  encode  angular  motion  as  the  fly  rotates  about 
the  three  body  axes  during  flight.  The  visual  system  is  tuned  to  relatively  slow  rotation  whereas 
the  haltere-mediated  response  to  mechanical  rotation  increases  with  rising  angular  velocity 
(Sherman  and  Dickinson,  2003). 

Traditional,  packaged  rate  sensors  do  not  possess  compatible  size,  weight,  and  power  (SWaP)  to 
be  practical  for  mm-scale  autonomous  systems  (Wu  et  al.,  2003).  The  mass  of  current  state-of- 
the-art  vibrating  MEMS  angular  rate  sensors  is  individually  larger  than  the  desired  target  mass  of 
expected  entire  robotic  systems,  requiring  alternative  integration  strategies.  One  integration 
option  would  be  to  eliminate  the  lead  frames  and  plastic  encapsulation  then  die  bond  the  sensor 
directly  to  the  robot.  Non-traditional  packaging,  sensor  die  integration,  and  sensor  protection 
creates  many  difficult  engineering  issues  at  this  scale.  This  is  possible  but  entails  packaging  size 
and  weight  trade-offs.  Ideally,  the  rate  sensors  would  be  monolithically  integrated  in  the  robotic 
platform  fabrication  process  and  would  also  operate  effectively  in  air,  eliminating  the  need  for 
vacuum  packaging.  Wu  et  al.  demonstrated  a  bio-mimetic,  angular  rate  sensor  (ARS)  that  can 
detect  angular  rates  of  1  rad/s  and  are  5-mm  in  length  driven  by  bulk  lead  zirconate  titanate 
(PZT)  actuators  (Wu  et  al.,  2003).  However,  these  are  not  small  enough  to  integrate  directly 
with  many  micro  air  vehicles  (MAVs). 

The  halteres  in  insects,  shown  in  figure  1,  measure  the  resultant  Coriolis  forces  (caused  by  the 
angular  rates)  and  motion  orthogonal  to  the  direction  of  haltere  oscillations.  Force  sensing  hairs 
are  connected  to  their  neural  system  at  the  base  of  the  haltere.  Inspired  by  the  insect  sensors,  a 
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MEMS-based  pendulum  structure  that  is  both  actuated  and  sensed  using  the  piezoelectric  effect 
has  been  fabricated.  The  MEMS  ARS  are  designed  to  be  capable  of  being  monolithically 
integrated  with  piezoelectric  mobility  actuators,  thus  enabling  direct  proprioceptive  control  of 
mm-scale  and  cm-scale  robotic  platforms.  The  U.S.  Army  Research  Laboratory  (ARL) 
piezoelectric  MEMS  (PiezoMEMS)  ARS  (figure  2)  maximizes  the  sensitivity  to  rotational  rate 
(roll-pitch  or  yaw)  for  a  minimal  SWaP  requirement. 


Figure  1.  Example  of  the  club-like  haltere  location  (circled) 
relative  to  the  wings  of  diptera  on  a  giant  crane  fly 
(Woman,  2010).  The  haltere  is  believed  to  be  a 
devolved  hind  wing  as  four-wing  insects  do  not 
have  this  structure.  Two  haltere  can  give 
information  on  all  three  axes  of  rotation. 


Figure  2.  Illustrates  concept  of  integrating  Piezo  MEMS  haltere  with  the  ARL  PiezoMEMS  flapping 
wing.  In  this  conceptual  drawing,  500-um  halteres  are  drawn  to  scale  relative  to  the  wings. 
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PZT  actuators  can  be  used  for  mobility  in  small  robotic  systems.  Alternatively,  the  voltage 
generated  by  applied  stresses  in  the  PZT  can  be  used  for  inertial  sensing.  This  report  details  the 
design,  fabrication,  and  preliminary  results  of  a  biologically  inspired,  low-power,  two-axis  ARS 
to  be  integrated  into  micro-robotic  aerial  platforms. 

There  were  three  distinct  portions  of  this  research.  First,  a  fundamental  mechanics  analysis  and 
systematic  scaling  investigation  was  completed.  The  results  of  the  fundamental  mechanics  are 
reported  elsewhere  (Jordan  et  al.,  in  preparation).  In  this  report,  the  set  of  passive  mechanical 
logic  developed  as  a  result  of  this  analysis  is  presented,  covering  the  other  two  parts  of  this 
research,  namely,  an  examination  of  analog  circuit  development  suitable  for  the  control  and  the 
development,  fabrication,  and  testing  of  a  MEMS-scale,  haltere-based  ARS  system. 

2.1  Fundamental  Mechanics  Analysis 

To  fabricate  an  engineered  ARS  system  based  upon  the  biological  haltere  system,  it  was  first 
necessary  to  understand  to  the  degree  possible  how  biological  systems  use  haltere  campaniform 
sensors  and  process  the  data.  To  a  large  extent,  biological  systems  that  utilize  haltere  input  have 
been  well  studied,  beginning  with  the  work  of  Pringle  (Frankel  and  Pringle,  1938).  Within  the 
scope  of  the  DRI,  we  examined  the  biological  system  studies  (Pringle,  1948;  Thompson,  2009; 
Thompson  et  al.,  2009;  Motamed  and  Yan,  2005;  Alexander,  2007;  Bender  and  Frye,  2009)  and 
the  developed  engineering  analogs,  where  appropriate.  These  engineering  analogs  focused  on 
(1)  control  electronics  for  haltere  sensors  and  (2)  physics-based,  engineering  design  models. 

Once  a  thorough  understanding  of  the  biological  system  was  completed  and  physics-based 
engineering  design  models  were  accomplished,  it  was  possible  to  develop  scaling  models  that 
would  enable  fabrication  and  design  of  a  MEMS-scale  haltere-based  sensor  system. 

The  Coriolis  term  is  proportional  to  the  cross  product  of  the  angular  velocity  of  the  frame  and 
instantaneous  haltere  velocity,  and  it  is  generally  found  to  be  several  orders  of  magnitude  greater 
than  the  angular  acceleration  of  the  mass  and  several  orders  of  magnitude  smaller  than  the 
centripetal  acceleration  (Wu  et  al.,  2002).  Summing  the  moments  with  damping,  stiffness,  and 
inertial  forces  around  the  base  of  the  haltere  gives  the  following  equation  of  motion: 

0  +  2£(o„0  +  cO"Q  =  Q3sin(y)  —  Qj  cos(y)  —  },2cos(0)  sin (0) 

+  2y[(Q3cos(y)  +  Qi  sin(y))cos 2(0)  -  Q2cos(0)sin(0)] 

+  (Q^cos^y)  +  Q2sin2(y)  —  12;)cos(0)sin(0) 

+  (Q2Q3cos(y)  +  Q|Q2sin(y))cos(20)  +  2fiiQ3cos(0)  sin(0)cos(y)sin(y)  (1) 

In  equation  1,  C,  is  the  damping  factor  of  the  system,  con  is  the  natural  frequency,  y  is  the  angular 
position  of  the  haltere,  and  9  is  the  angle  of  displacement,  fii,  fT,  and  Q.3  are  the  angular 
velocity  components  (roll,  pitch,  and  yaw)  of  bi,  to,  and  63  axes,  respectively.  Q|  and  Q?  are  the 
in-plane  body  rate  components  with  respect  to  the  b-axis,  and  fT  is  the  out  of  plane  body  rate 
component  with  respect  to  the  b-axis. 
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In  biological  systems,  Pringle’s  analysis  indicated  the  scale  on  which  haltere  can  be  implemented 
with  the  payload  only  amassing  to  about  20  pg  (0.08%  of  total  weight)  in  a  C.  erythrocephala 
system  (Pringle,  1948).  If  an  engineered  system  based  on  the  haltere  could  be  implemented, 
there  are  substantial  power  and  weight  savings  as  well  as  improved  sensitivity  that  could  be 
realized.  To  accomplish  this,  however,  it  is  necessary  to  first  solve  the  complex  force  decoupling 
problem  shown  in  equation  1  without  a  loss  of  sensitivity. 

To  fully  implement  a  haltere-based  ARS  system,  it  is  necessary  to  fully  decouple  the  multiple 
forces  acting  on  an  individual  haltere.  Additionally,  it  is  critical  to  isolate  the  haltere  signals  from 
any  system  vibration  that  may  couple  into  the  vibrating  pendulum.  Figure  3  shows  the  general 
frame  of  reference  and  the  complex  interactions  of  the  multiple  forces  that  are  acting  on  the 
halteres. 


Figure  3.  (a)  A  schematic  showing  the  halteres  and  the  roll,  pitch,  and  yaw  axes  and  (b)  indicates  all  of  the  different 
forces  that  are  acting  upon  the  halteres  (Wu  et  al.,  2003). 

Employing  these  fundamental  mechanics  of  the  system,  it  was  possible  to  design  a  passively 
filtering  mechanical  system  to  simplify  the  signal  demodulation.  The  details  of  this  are 
addressed  in  section  3. 

The  full  details  of  the  biomechanics  review  can  be  found  in  an  ARL  technical  report  (Jordan  et 
al.,  in  preparation)  that  is  being  prepared  for  publication.  The  synopsized  version  has  been 
presented  here. 

2.2  Analog  Circuit  Design  and  Control  Methodologies 

The  fundamental  physics-based  models  that  are  described  earlier  were  used  to  develop  simplified 
circuits  capable  of  detecting,  amplifying,  and  decoupling  the  three  component  angular  rate 
vectors.  In  order  to  determine  the  angular  rotation  of  a  flying  robot  using  mechanical  haltere,  the 
roll,  pitch,  and  yaw  must  be  pulled  from  the  left  and  right  haltere  signals.  By  coupling  the  beat 
frequency  of  the  wings  to  the  haltere  input,  it  is  possible  to  demodulate  the  coupled  signal  to 
determine  the  roll,  pitch,  and  yaw  of  a  flying  robot,  and  isolate  each  signal  by  appropriate  signal 
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demodulation.  Each  component  angular  rate  can  then  be  calculated  directly  from  these  signals 
by  amplifying  them  with  a  gain  of-l/2m,  where  m  is  the  mass  of  the  haltere  since  the  Coriolis 
force  is  expressed  by  2ma>  x  v. 

2.3  MEMS-scale  Device  Design,  Fabrication  and  Testing 

This  section  details  the  design,  fabrication,  and  testing  of  a  biologically  inspired,  low-power, 
two-axis  ARS  to  be  integrated  into  micro-robotic  aerial  platforms.  Thin-film  PZT  sensors  will 
enable  a  reduction  in  the  order  of  magnitude  in  haltere  length  with  similar  sensitivity.  The 
ability  to  convert  strain  in  the  film  to  a  voltage  can  be  used  as  an  inertial  sensor.  Furthermore,  the 
PZT-based  haltere  can  also  drive  itself  into  resonance  by  using  areas  of  the  PZT  as  out-of-plane 
bending  actuators  (Wu  et  al.,  2003). 

Modeling  and  testing  indicates  a  system  that  is  inherently  sensitive  to  the  Coriolis  forces  caused 
by  changes  in  angular  rate.  Scale  studies  and  modal  analysis  were  completed  to  guide  the 
MEMS-level  sensor  development.  MEMS-based  halteres  have  been  fabricated  as  individual  die 
and  in  coupled  arrays.  Understanding  the  coupling  mechanisms  between  multiple  halteres  will 
enable  triaxial- sensitivity  at  lower  SWaP  and  thus  will  contribute  to  unmanned  aerial  vehicles  at 
an  unprecedented  scale. 

MEMS-based  haltere  sensors  were  designed  and  simulated  in  ANSYS.  The  MEMS-based 
halteres  were  fabricated  in  the  ARL  Specialty  Electronic  Materials  and  Sensors  Cleanroom 
(SEMASC)  through  a  PZT/copper  (Cu)  process  that  was  developed  in  a  concurrent  DRI  (Bedair 
et  al.,  2012)  and  is  described  elsewhere.  Details  from  both  the  fabrication  and  simulations  are 
given  in  section  3. 

2.4  Mechanical/Materials  Properties  of  the  Complex  Heterostructure 

The  surface  morphologies,  microstructures,  and  layer  thicknesses  of  the  fabricated  halteres’ 
complex  heterostructure  were  examined  in  an  FEI  Nano600i  dual  beam  focused  ion  beam  (FIB) 
and  scanning  electron  microscope  (SEM).  This  instrument  has  coincident  ion  and  electron 
columns  that  allow  for  site-specific  micro-machining  and  high  resolution  imaging.  The  quasi¬ 
static  mechanical  response  of  the  structures  was  investigated  with  a  custom  in  situ  SEM 
mechanical  test  stage.  The  stage  features  a  three-axis  piezoelectric  stage  that  allows  specimen 
manipulation  over  a  5 -mm  range  with  step  resolution  approaching  100  nm.  Loads  were  applied 
using  a  direct  drive  piezoelectric  linear  actuator  with  reported  sub-nanometer  resolution  and  were 
measured  by  a  strain  gage  based  S-beam  load  cell  (capacity  of  100  g  and  resolution  of  -0.01  g  or 
0.1  mN).  In  this  work,  a  tungsten  needle  flattened  using  FIB  machining  and  this  was  used  for 
load  application. 
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3.  Results 


MEMS-scale  haltere  sensors  were  successfully  designed  and  fabricated  with  a  control  scheme 
that  enables  simple,  straightforward  decoupling  of  the  signals.  There  are  three  principal 
successes  that  enabled  that  and  they  are  presented  in  this  section.  First,  passive  mechanical  logic 
was  designed  to  facilitate  the  decoupling  of  the  forces  acting  on  the  sensor;  second,  an  analog 
circuit  design  was  developed  that  efficiently  and  accurately  decouples  the  three  component  parts 
from  the  haltere  sensors;  and  third,  individual,  coupled,  and  arrayed  halteres  were  fabricated  in 
the  MEMS  foundry  at  ARL’s  Adelphi  Laboratory  Center  (ALC).  In  an  effort  to  facilitate  the 
long-term  optimization  of  these  sensors,  the  materials,  composite,  and  dynamic  testing  has  been 
initiated  and  is  underway  on  the  completed  sensors. 

3.1  Passive  Mechanical  Logic 

Mechanical  logic  typically  refers  to  the  implementation  of  Boolean  logic  functions  in  mechanical 
parts,  such  as  the  single  pole  double  throw  relay  and  the  3-bit,  piezoelectric  MEMs  analog-to- 
digital  (A-D)  converter  described  by  Proie  et  al.,  (Proie  et  al.,  201 1).  This  type  of  logic,  which 
can  be  integrated  with  standard  complementary  metal-oxide  semiconductor  (CMOS)  logic  and  is 
capable  of  performing  many  of  the  same  calculations  and  controls  that  traditional  CMOS 
accomplishes,  can  also  directly  integrated  with  the  haltere  sensors  and  the  MAV,  as  shown  in 
figure  2.  Proie  et  al.  are  using  this  mechanical  logic  to  construct  an  extremely  low  power 
microcontroller.  The  development  of  this  topic  is  well  covered  elsewhere  (Smith  et  al.,  201 1; 
Proie  et  al.,  201 1)  and  is  not  be  directly  discussed  here.  However,  in  addition  to  the  active 
mechanical  logic,  it  is  possible  to  take  advantage  of  the  inherent  passive  mechanical  and 
materials  properties  of  a  structure  to  selectively  filter,  modulate,  and  combine  different  signals. 
Passive  filtering  and  signal  sampling  were  both  exploited  in  the  development  of  the  haltere 
sensors. 

To  fully  decouple  the  individual  forces  acting  on  a  haltere,  it  is  necessary  to  reexamine 
equation  1.  To  accomplish  a  reduction  in  complexity  without  any  loss  of  accuracy,  one 
modulates  a  haltere  signal  with  the  beat  frequency.  Taking  a  closer  look  at  equation  1,  the 
inherent  mechanical  nature  of  the  individual,  and  coupled,  haltere  can  be  exploited.  If  we  sample 
the  signal  when  the  halteres  are  near  0  and  7t,  all  of  the  sine  terms  in  equation  2  go  to  zero. 
Similarly,  at  3tt;/2  and  n/2  all  of  the  cosine  terms  are  zero.  The  cross  terms  are  zero  at  both. 
Similarly,  the  sign  of  the  input  will  be  positive  for  the  left  haltere  for  Qroii,  when  it  is  negative  for 
the  right.  Qpitch,  however,  is  always  the  same  sign  for  left  and  right.  Qyaw  has  opposite  sign  from 
left  to  right  and  twice  the  frequency  as  Qrou.  The  individual  haltere  signals  for  each  Q  are  shown 
in  figure  4.  As  such,  it  is  possible  to  utilize  the  inherent  frequency  response  for  each  of  the 
signals  to  isolate  Qron,  Qpitch,  and  Qyaw  by  simply  selectively  adding  and  subtracting  the  signals 
from  the  frequency  modulated  right  and  left  haltere.  The  force  in  the  roll  direction  is  modulated 
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with  the  beat  frequency  in  the  left  haltere  and  with  the  beat  frequency  with  a  180°  phase  shift  for 
the  right  haltere.  The  force  in  the  pitch  direction  is  modulated  with  the  beat  frequency  with  a 
180°  phase  shift  for  both  halteres.  The  force  in  the  yaw  direction  is  modulated  with  twice  the 
beat  frequency  in  the  left  haltere  and  with  twice  the  beat  frequency  with  a  1 80°  phase  shift  for 
the  right  haltere.  These  signals  are  added  together  to  produce  the  overall  force  on  each  haltere. 


Figure  4.  Modulation  of  three  signals  over  a  single  haltere  cycle. 

The  second  principal  obstacle  to  designing  a  haltere-based  ARS  is  the  susceptibility  of 
oscillating  systems  to  coupling  external  vibrations  into  the  inherent  oscillations  of  ARS.  There 
are  two  mechanical  solutions  to  this  problem  that  have  been  employed  within  this  project, 
mechanical  filtering  and  frequency  selection. 

Mechanical  filtering  takes  advantage  of  a  motional  impedance  mismatch  that  exists  between 
adjacent  portions  of  a  structure.  Figure  5  shows  a  schematic  of  a  haltere  where  the  PZT  drive 
beam  is  in  the  xy  plane  and  is  connected  to  the  high  aspect  ratio  beam  that  is  in  the  xz  plane.  At 
this  contact,  there  will  be  a  high  motional  transfer  impedance  due  to  the  geometrical  anisotropy, 
and  most  vibrational  energy  will  be  reflected  back  into  the  xy  plane  and  not  transferred  to  the  xz 
plane.  While  some  energy  will  be  transferred  due  to  the  Poisson  coupling,  this  is  a  relatively 
small  amount. 
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Figure  5.  Vectors  show  orthogonal  velocity  (v)  and  Coriolis  forces  (Fc)  on  a  mass  due  to 

angular  rate  ( oo)  about  the  illustrated  axis  vectors  on  a  notional  haltere.  The  orthogonal 
aspect  ratios  of  the  beam  allow  for  compliance  in  the  drive  and  sense  direction. 

In  our  MEMS  haltere  design,  we  fabricate  a  three-dimensional  (3-D)  MEMS  structure  with  a  thin 
cantilever  in  the  xy  plane  connected  to  the  structure  at  one  end  and  the  pendulum  mass  in  the  xz 
plane  at  the  other.  The  pendulum  mass  is  substantially  thicker  in  the  z  direction  than  the 
cantilever.  This  will  substantially  increase  the  transfer  impedance  from  the  structure  to  the 
pendulum  mass  and  isolate  the  sensor  from  much  of  the  structure  vibrational  noise.  A  careful 
understanding  of  modal  frequencies  and  shapes  must  also  be  employed  to  accomplish  this.  This 
is  further  discussed  in  sections  3.3  and  3.4. 

It  is  important  to  note  that  this  method  to  reduce  system  noise  only  addresses  vibrations  within 
the  frame  and  does  not  address  vibrations  of  the  frame.  In  flapping  wing  flight,  in  particular,  the 
entire  super- structure  will  heave  with  each  flap  of  the  wing.  Additionally,  MAVs  are  susceptible 
to  flight  noise.  The  halteres  will  detect  both  of  these  signals.  Methods  to  detect  and  decouple 
flight  noise  are  not  directly  addressed  in  this  report.  However,  to  address  the  issues  of  heave,  it 
is  possible  to  passively  filter  the  signal  by  applying  frequency  selection.  The  wings  will  create  a 
substantial  heave  motion  with  each  stroke  that  has  components  of  all  three  angular  accelerations. 
Each  component  has  a  frequency  dependence  associated  with  the  overall  flap  frequency  that  can 
couple  into  the  haltere  and  generate  erroneous  signals.  Biologically,  insects  use  the  same 
frequency  for  the  flap  and  the  haltere,  and  this  is  a  viable  method  to  modulate  the  haltere  signal 
and  wings  as  this  will  create  a  coupled  response. 

Alternatively,  it  is  possible  to  isolate  the  haltere  from  the  wings  by  selecting  a  fhaitere  ff wings-  So 
long  as  fhaitere  is  not  an  integer  factor  offwings,  it  is  possible  to  average  over  many  haltere  cycles  to 
remove  the  spurious  signal  associated  with  the  wings.  This  method  improves  signal  to  noise  but 
will  has  a  slower  response  time  and  is  susceptible  to  oversimplifying  the  signal.  While  in  the 
initial  designs  fhaitere  is  -500  Hz  and  is  substantially  different  than  fWings,  and  this  would  enable 
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the  implementations  of  an  averaged  sensor  scheme,  the  eventual  haltere  design  will  likely  utilize 
fhaitere  =  fwings-  The  initial  beat  frequency  of  the  halteres  was  chosen  as  a  design  point  around 
which  the  other  mechanical  properties  of  the  halteres  could  be  optimized,  as  it  is  relatively 
straightforward  to  design  for  operation  at  a  specific  frequency  once  the  device  has  been 
optimized. 


3.2  Demodulation  Circuit  Design 

The  fundamental  physics-based  models  that  are  described  earlier  were  used  to  develop  simplified 
circuits  capable  of  detecting,  amplifying,  and  decoupling  the  three  component  angular  rate 
vectors.  In  order  to  determine  the  angular  rotation  of  a  flying  robot  using  mechanical  haltere,  the 
roll,  pitch,  and  yaw  must  be  pulled  from  the  left  and  right  haltere  signals.  The  force  signal  in 
each  direction  of  rotation  is  modulated  based  on  the  beat  frequency  of  the  haltere  and  added  to 
the  modulated  force  in  the  other  two  directions  to  yield  the  total  force  on  a  haltere.  The  three 
signals  are  modulated  over  a  single  haltere  cycle  according  to  figures  3  and  4. 


The  force  in  the  roll  direction  is  modulated  with  the  beat  frequency  in  the  left  haltere  and  with 
the  beat  frequency  with  a  180°  phase  shift  for  the  right  haltere.  The  force  in  the  pitch  direction  is 
modulated  with  the  beat  frequency  with  a  180°  phase  shift  for  both  haltere.  The  force  in  the  yaw 
direction  is  modulated  with  twice  the  beat  frequency  in  the  left  haltere  and  with  twice  the  beat 
frequency  with  a  180°  phase  shift  for  the  right  haltere.  These  signals  are  added  together  to 
produce  the  overall  force  on  each  haltere.  To  determine  the  roll,  pitch,  and  yaw  of  a  flying  robot, 
these  signals  are  separated  according  to  the  following  scheme  in  figure  6. 


sin(Qt) 


(0roll 


ox 


yaw 


® pitch 


-sin(fit) 


Figure  6.  Signal  separation  scheme  (Wu  et  al.,  2003). 

The  full  circuit  built  and  tested  is  shown  in  figure  7.  To  decouple  the  signals  in  which  the  force 
on  the  left  haltere  is  in  and  out  of  phase  with  the  force  on  the  right  haltere,  summing  and 
differential  circuits  are  implemented.  If  the  right  haltere  signal  is  subtracted  from  the  left  haltere 
signal,  the  resulting  signal  consists  of  only  roll  and  yaw  because  the  in-phase  pitch  signals  will 
cancel  each  other.  If  the  signals  from  the  two  halteres  are  added  together,  only  the  pitch  signal 
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will  remain  because  the  anti-phase  signals  will  cancel  each  other  out.  Next,  the  signals  are 
demodulated.  The  roll  and  yaw  signal  is  first  demodulated  by  the  beat  frequency  in  order  to 
produce  roll.  The  same  signal  is  also  demodulated  by  twice  the  beat  frequency  to  yield  yaw.  The 
pitch  signal  is  demodulated  by  the  beat  frequency  with  a  180°  phase  shift.  These  three  signals  are 
then  passed  through  low  pass  filters,  each  with  a  cut-off  frequency  of  100  Hz. 


Figure  7.  Complete  haltere  demodulation,  filtering  and  amplification  circuit  to  yielding  three  independent,  angular 
rates. 

Once  the  complete  circuit  was  designed  and  built,  a  series  of  three  simulations  were  performed  to 
validate  the  design.  Custom  Lab  VIEW  programs  were  created  to  drive  the  experimental  setup, 
as  described  below.  For  a  complete  description  of  the  Lab  VIEW  experimental  programs 
associated  with  this  research,  please  consult  the  companion  ARL  technical  report  (Jordan  et  al., 
in  preparation).  Following  are  graphs  of  the  demodulated  signal;  these  are  the  outputs  of  the 
circuit  designed  and  built  in  figure  7.  The  three  signals  represent  simulated  roll,  pitch,  and  yaw. 
Figure  8  shows  these  three  coupled  signals  overlaid  after  they  have  been  demodulated  (note  that 
these  are  simulated  signals  from  a  function  generator). 
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Figure  8.  Results  of  the  simulation  experiments  with  a  complete  haltere  signal  demodulation  and  amplification 
using  the  designed  Circuit  to  yield  three  independent,  angular  rates.  Channel  1  represents  roll,  channel 
2  is  pitch,  and  channel  3  is  yaw. 

3.3  MEMS-scale  Device  Design,  Fabrication  and  Testing 

For  a  MEMS-based  haltere,  figure  5  illustrates  the  general  concept  with  the  Coriolis  forces  (Fc) 
acting  on  the  end  mass  due  to  angular  rate  about  the  illustrated  axis  vectors.  The  MEMS-scale 
design  was  built  upon  the  findings  of  the  fundamental  analysis  that  was  described  earlier.  First 
simulations  of  the  design  space  were  conducted  in  ANSYS.  Second,  a  process  flow  was 
developed  to  enable  the  incorporation  of  the  PZT  thin  films  with  the  Cu  plating  process 
developed  by  Bedair  et  al.  (2012).  Finally,  a  series  of  three  wafer  runs  were  conducted,  each 
building  upon  the  findings  of  the  previous  run,  to  fabricated  MEMS-scale  halteres. 

3.4  Analytical  and  Numerical  Modeling 

During  the  simulations,  there  were  a  number  of  very  important  aspects  of  the  device  design  that 
were  investigated.  To  ensure  that  the  concept  described  in  figure  1 1  would  be  valid  for 
dimensions  available  in  the  fabrication  process,  modal  analysis  in  ANSYS  was  performed. 
Parametric  studies  across  the  range  of  reasonable  low  fabrication  risk  minimum  and  maximum 
dimensions  increase  the  chance  the  MEMS  halteres  will  function  with  high  yield  as  intended  on 
the  first  release.  Modal  analysis  is  also  essential  for  two  other  important  reasons.  First,  the 
frequencies  and  mode  shapes  were  extracted  and  the  design  was  chosen  so  that  the  second 
sensing  mode  is  sufficiently  higher  in  frequency  than  the  drive  mode.  This  means  the  orthogonal 
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sensing  will  respond  to  the  frequency  but  not  in  a  resonant  mode.  Also  knowing  the  fundamental 
mechanical  frequency  of  a  haltere  structure  allows  the  investigators  to  match  the  frequency  of  the 
flapping  wing  if  it  the  haltere  is  driven  passively  by  the  system  instead  of  actively. 

The  second  reason  is  ANSYS  can  compare  the  respective  relative  stresses  in  the  beams  and  make 
sure  they  are  concentrated  in  such  a  way  to  avoid  interfering  with  the  piezoelectric  sensing  signal 
(figures  9  and  10).  Ultimately,  the  electrical,  mechanical,  materials  and  piezoelectric  properties 
of  the  different  layer  of  the  complex  heterostructures  that  would  become  the  haltere  sensors  were 
optimized  to  generate  the  maximum  sensor  output  for  a  given  Coriolis  force  input,  while 
minimizing  the  signal  noise  due  to  coupling  between  the  sense  axis  and  the  pendulum  swing 
axis.  To  achieve  this,  the  dimensions  and  materials  were  chosen  to  concentrate  the  stress 
associated  with  the  pendulum  motion  in  a  different  portion  of  the  cantilever  than  the  stresses 
associated  with  the  Coriolis  forces.  Material  coupling  was  then  optimized  such  that  the 
piezoelectric  PZT  sensors  at  the  base  of  the  cantilever  were  able  to  detect  the  Coriolis  force 
impinging  force  at  the  tip  of  the  cantilever.  It  is  also  important  to  have  the  center  of  mass  as  far 
from  the  base  of  the  cantilever  as  possible  to  maximize  the  sensitivity,  and  for  this  reason,  it  was 
decided  to  use  the  Cu  plating  process  instead  of  a  traditional  silicon  (Si)  mass  at  the  tip.  Cu  has  a 
density  that  is  3.8  times  that  of  Si  so  for  the  same  rotation  rate  and  drive  frequency  a  Cu  mass  of 
the  same  volume  experiences  3.8  times  the  Coriolis  force.  This  ultimately  reduces  the  footprint 
and  therefore  cost  of  the  sensor. 


Figure  9.  ANSYS  modal  analysis  showing  drive  or  actuation  mode  shape,  out  of  plane  motion  and  relative  strain  at 
the  root  of  the  high  aspect  ratio  beam  due  to  the  drive  motion. 


Figure  10.  ANSYS  modal  analysis  showing  the  Coriolis  force  sensing  mode  shape,  in-plane  motion  and  relative 
strain  along  the  sides  of  the  high  aspect  ratio  beam  due  to  the  sideways  motion. 
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Figure  9  and  10  show  an  example  of  the  ANSYS  modeling  used  to  predict  and  optimize  the 
mode  shape  and  natural  frequencies  of  the  drive  and  sense  modes  shapes,  respectively.  The 
halteres  are  designed  so  the  natural  frequency  of  the  sense  mode  shape  is  at  least  two  to  three 
times  higher  than  the  drive  frequency.  This  is  to  ensure  the  haltere  sensors  can  respond  to  the 
frequency  of  the  Coriolis  force. 

In  addition  to  the  ANSYS  modeling,  an  analytical  model  was  developed  to  vet  the  various 
designs.  Equation  2  shows  the  final  result  of  the  analytical  model  used  to  determine  if  the  PZT 
available  could  generate  a  minimum  detectable  voltage  at  an  angular  rate  of  1  rad/s.  A  rate  of 
1  rad/s  was  chosen  as  the  sensitivity  of  the  haltere  in  (Wu,  2003)  with  an  order  of  magnitude  in 
size  reduction.  Iterative  optimization  of  this  MEMS  design  should  demonstrate  greater 
sensitivity.  Figure  1 1  shows  a  MATLAB  simulation  to  optimize  the  copper  mass  loading  to  the 
end  of  the  cantilever. 


Figure  11.  Example  of  a  MATLAB  run  testing  the  effect  of  changing  Cu  beam  width  to 
angular  rate  and  minimum  detectable  output  voltage. 
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The  sense  PZT  electrodes  are  placed  in  such  a  way  to  experience  the  maximum  strain  when  the 
beam  bends  in  the  plane  of  the  wafer.  They  sit  on  an  oxide  layer  (figure  10)  along  either  side  of 
the  high  aspect  ratio  Cu  beam.  This  is  the  areas  of  stress  concentration  shown  in  figure  10. 
Ideally,  to  maximize  signal,  they  would  “coat”  the  side  walls  of  the  Cu  beam,  but  no  process 
exists  to  do  so.  This  configuration  is  a  compromise  but  fabricated  well.  The  PZT  was  stopped  at 
the  intersection  of  the  two  beams.  The  gold  (Au)  traces  running  to  the  sensors  pick  up  the  signal 
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and  pull  it  down  the  drive  beam.  This  was  done  to  eliminate  the  PZT  signal  on  the  active  bending 
drive  beam. 

As  described  earlier,  insects  use  two  halteres  to  extract  three-axis  rotational  motion  components. 
By  swinging  the  haltere  in  a  180°  arc  out  of  plane,  each  haltere  sweeps  through  two  axes.  One 
axis  changes  sign  throughout  the  stroke;  therefore,  the  frequency  of  the  signal  is  twice  that  of  the 
other  axis.  A  robotic  integrated  haltere  can  mimic  this  sensor.  The  state  of  the  art  of  the  MEMS 
process  at  ARL  has  made  MEMS  wings  that  sweep  through  a  similar  arc  of  up  to  145°.  This 
should  allow  for  two  halteres  to  gain  information  on  rotations  in  three  directions.  Furthermore 
the  fabrication  process  easily  makes  orthogonal  haltere  in  plane  (roll  and  pitch)  but  the  yaw  axis 
is  out  of  the  plane.  By  intending  to  swing  the  halteres  into  the  yaw  axis,  fabrication  and 
packaging  of  the  three-axis  system  becomes  simpler. 

3.5  Device  Fabrication 

The  process  used  to  fabricate  these  devices  is  similar  to  the  process  used  in  ARL  to  fabricate 
PiezoMEMS  RF  switches,  resonators,  and  the  ARL  mm-scale  flapping  wings  (Smith  et  al., 

201 1).  A  key  distinction  is  the  addition  of  three  Cu  layers  in  the  process.  The  integration  of  the 
PiezoMEMS  and  the  Cu  layers  was  developed  and  demonstrated  for  the  first  time  in  a  concurrent 
FY 1 1  DRI  (Bedair  et  al.,  2012)  to  make  PiezoMEMS  tunable  inductors.  The  haltere  test  devices 
were  made  in  the  same  process  on  the  same  wafers.  Leveraging  the  two  DRI  efforts  was  a  key 
component  to  the  success  of  this  project  as  the  high  aspect  ratio  Cu  beams  were  integrated  with 
higher  yield  than  in  previous  attempts  with  Si. 

All  fabrication  was  performed  in  the  ALC  cleanroom.  The  process  cross  section  is  shown  in 
figure  12.  The  PZT  thickness  was  targeted  at  1  micron  and  the  Cu  layers  are  nominally 
10  microns  each.  Other  layers  are  shown  in  more  details  of  the  fabrication  processes  can  be 
found  in  the  other  FY  1 1  DRI  (Bedair  et  al.,  2012).  Table  1  shows  relative  thicknesses  for  a 
haltere  heterostructures.  In  figure  13  a  graphical  cross-sectional  representation  of  the  devices  is 
given,  and  it  is  possible  to  visualize  the  substantial  thickness  differences  that  were  achieved 
using  the  novel  Cu  plating  process  developed  by  Bedair  and  Meyer.  In  figure  14,  actual 
fabricated  haltere  are  shown.  The  thicknesses  of  the  copper  layer  were  designed  to  increase  in 
devices  from  left  to  right.  This  will  allow  evaluation  of  the  optimal  thickness  as  a  function  of 
cantilever  length. 
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Figure  12.  ARL  PZT/Cu  process  flow  cross  section  developed  by  Bedair  and  Meyer.  (Bedair  et  al.,  2012). 


Table  1.  Representative  thicknesses  for  each  layer  of  the  complex  PZT-Cu-silicon  dioxide 
(Si02)  structure. 


Material 

Nominal  Thickness 

Cu 

10-30  pm 

Top  Pt 

1000 A 

PZT 

1  pm 

Bottom  Pt 

1000 A 

Si02 

2  pm 
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Figure  13.  Cross  section  of  s  high  aspect  ratio  Cu  beam 
next  to  the  thin-film  PZT  sensing  beam. 


Figure  14.  Micrograph  of  some  of  the  designs  in  haltere  study.  Each  die  had  a  progressively  thicker  Cu  layer  by 
adding  or  omitting  each  respective  Cu  layer.  The  image  shows  five  dies.  In  the  fourth  die  from  the  left, 
the  Cu  thicknesses,  haltere  length,  haltere  width,  and  haltere  mass  were  systematically  changed  to 
examine  the  optimum  performance.  Arrayed  haltere  were  fabricated  in  the  first  four  dies  as  well  to 
measure  the  coupled  response.  In  the  fifth  die  from  the  left,  haltere  designs  that  are  paired/coupled  and 
are  capable  of  detecting  all  three  axes  of  angular  rate  are  shown. 

Thin-film-based  versions  include  the  use  of  PZT  actuators  at  the  base  of  the  structure  and  anchor 
attachment  to  enable  resonant  actuation.  PZT  sensing  sections  are  located  on  the  sides  of  a  high 
aspect  ratio  cantilever  section  that  convert  Coriolis  force  generated  strain  in  the  film  to  a  voltage 
(see  figure  5).  Electroplated  metal,  Cu  in  this  case,  is  used  to  fabricate  high  aspect  ratio  features 
on  the  cantilever  section.  The  out-of-plane  dimension  was  thickened  to  reduce  the  sensitivity  of 
the  PZT  sensor  to  drive  motion.  Figure  15  shows  an  SEM  of  a  single  haltere.  The  thick  gray 
lines  indicated  by  the  arrow  in  the  left-hand  image  are  the  PZT  drive  actuators  that  cause  the 
haltere  to  oscillate  in  and  out  of  the  plane  of  the  image.  The  thin  gray  lines  along  the  base  of  the 
cantilever  indicated  by  the  arrow  in  the  right  hand  image  are  the  PZT  sensors.  The  large  gray 
rectangles  at  the  top  of  the  left  hand  image  are  the  contact  pads.  Two  are  for  driving  the 
actuators,  and  two  are  for  sensing  the  perpendicular  forces. 
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Figure  15.  SEM  of  a  PZT -based  MEMS  haltere  with  PZT  actuators  to  enable  resonant  drive  and  PZT  sensors 
along  the  cantilever  section  to  detect  the  strains  generated  by  the  Coriolis  force  acting  upon  the 
vibrating  proof  mass. 

3.6  Characterization 

Fabricated  halteres  were  characterized  to  correlate  the  performance  to  the  simulations,  determine 
optimum  properties,  and  improve  the  design.  A  series  of  characterizations  that  included 
materials  characterization,  in-situ  dynamic  bend  tests,  and  dynamic  device  testing  were 
conducted.  Additionally,  static  electrical  characterizations  were  conducted  to  ensure  that 
electrical  connectivity  to  all  portions  of  the  device  was  within  established  bounds  and  that  there 
were  no  shorts.  Materials  characterization  using  the  Field  Emission  Scanning  Electron 
Microscope  (FESEM)-FIB  at  the  Weapons  and  Materials  Research  Directorate  (WMRD)  was 
conducted  to  examine  the  grain  structure  of  the  complex  heterostructures,  in  both  plan  view  and 
cross-sectional  view.  Dynamic  bend  tests  were  conducted  in  the  FESEM-FIB  to  specifically 
measure  the  elastic  modulus  and  strength  for  the  complex  heterostructures.  Finally,  dynamic 
testing  was  undertaken  on  the  wafer  to  measure  the  degree  of  motion  generated  by  actuating  the 
haltere.  In  a  follow-on  investigation,  dynamic  three-axis  angular  rates  will  be  measured  for  a 
packaged  device  system. 

3.7  Materials  Characterization 

In  a  complex  heterostructure,  it  is  fundamentally  necessary  to  determine  the  post-fabrication 
materials  and  heterostructure  properties.  In  the  initial  simulations,  when  the  devices  were 
designed,  often  idealized  material  properties  would  be  used,  when  exact  properties  were 
unavailable.  To  develop  a  better  physical  understanding  of  the  overall  heterostructure  and  device 
performance,  a  number  of  tests  were  conducted. 

A  series  of  SEM  images  were  taken  of  fabricated  devices.  Figure  16  shows  low  and  high 
magnification  SEM  images  of  an  array  of  haltere  fabricated  in  the  AFC  cleanroom. 
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Considerable  surface  roughness  is  evident  from  the  high  magnification  views  and  the  amplitude 
of  surface  roughness  may  exceed  1-2  pm  locally.  Figure  16  shows  FIB-SEM  examinations  of 
the  respective  layer  thicknesses  of  a  haltere.  Local  FIB  machining  was  used  to  slice  through  the 
full  thickness  of  a  part.  This  cross  section  was  imaged  both  with  FIB  channeling  images  and 
with  the  SEM.  For  this  particular  haltere,  the  approximate  layer  thicknesses  were  as  follows: 

Cu  ~6  pm,  Top  platinum  (Pt)  ~1  pm,  PZT  ~0.5  pm,  Bottom  Pt  -0.2  pm,  and  SiCF  -0.5  pm.  Ion 
channeling  images  were  used  to  reveal  the  grain  structures  in  the  cross-sections.  As  shown  in 
figure  17,  individual  crystallites  in  the  Cu  and  Pt  layers  are  comparable  in  images  show  that 
individual  Cu  grains  can  be  comparable  in  size  to  the  thickness  of  the  layer. 
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Figure  16.  FESEM  of  the  top  of  an  array  of  haltere. 
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Figure  17.  The  respective  layer  thicknesses  of  the  haltere  were  measured  from  a  FIB  machined  cross  section  that 
was  imaged  with  an  SEM.  For  this  particular  region,  the  Cu  thickness  is  roughly  6  pm  in  depth  and  the 
top  Pt  thickness  was  1.0  pm.  FIB  channeling  images  show  that  individual  Cu  grains  can  be  comparable 
in  size  to  the  thickness  of  the  layer. 

3.8  In-situ  Dynamic  Bend  Testing 

In  order  to  precisely  measure  the  force  response  of  the  fabricated  halteres,  a  series  of  bend  tests 
were  completed  in  the  FESEM-FIB  with  a  load  cell.  A  schematic  in-situ  SEM  test  stage  and  an 
example  of  the  geometry  for  a  quasi- static  (typical  in-plane)  bend  test  is  shown  in  figure  18. 
These  tests  were  used  to  characterize  the  quasi-static  elastic  response  for  corresponding  to  the 
Coriolis  force  sensing  mode  shape  (in-plane  motion  and  relative  strain  along  the  sides  of  the  high 
aspect  ratio  beam  due  to  the  sideways  motion  see  figure  10).  During  initial  tests,  static  loads 
were  used  to  displace  one  end  of  the  beam.  For  the  mechanical  test  shown  in  figure  19,  a  static 
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load  of  1-2  mN  allowed  displacement  of  the  mass  to  deflections  of  -125  (am.  This  load  is 
comparable  to  the  resolution  of  the  load  cell  and  is  therefore  not  sufficient  to  characterize  the 
load-displacement  response  of  these  structures. 


Figure  18.  A  schematic  of  the  in-situ  SEM  mechanical  test  stage  is  shown.  In  the  top  image,  the  “stick-slip 

actuators”  (in  blue)  allow  manipulation  of  specimens  over  a  ~5  mm  range  in  x,  y  and  z  with  a  resolution 
approaching  -100  nm.  Loads  are  applied  using  a  high  resolution  linear  actuator  (shown  in  green)  and 
are  measured  with  a  miniaturized  S-beam  load  cell  (in  red).  Loads  are  applied  directly  to  the  structure 
with  a  FIB  machined  tungsten  needle  (shown  on  the  bottom  right). 
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Figure  19.  A  series  of  FE-SEM  images  overlaid  showing  the  dynamic  bending  of  the 
cantelever  as  a  0.2  mN  force  was  applied  to  the  tip. 


In  future  work,  this  in-situ  mechanical  test  stage  could  be  redesigned  to  incorporate  a  high 
resolution  load  cell  or  sensing  probe.  We  have  indentified  load  sensing  probe  capable  of 
resolving  forces  of  ~5  nN  and  range  of  10  mN.  This  load  resolution  is  offers  a  ~40  times 
improvement  over  the  current  system  and  is  more  appropriate  for  the  load  regime  required  for 
these  highly  compliant  structures. 

3.9  Dynamic  Device  Testing 

Once  static  electric  characterization  was  completed  and  in-situ  bend  tests  were  done,  a  series  of 
dynamic  tests  were  undertaken  to  examine  the  device  properties.  Initial  dynamic  testing  of  the 
devices  shows  excellent  performance  in  terms  of  frequency  and  displacement  of  the  end  mass. 
Devices  resonant  at  excellent  displacements  at  1  to  5  V  drive  inputs.  Higher  displacement 
translates  to  a  higher  sensitivity  as  higher  peak  velocity  of  the  mass  leads  to  a  higher  Coriolis 
force  when  it  experiences  the  same  external  angular  rate.  For  example,  testing  of  the  PZT/Cu 
MEMS  haltere  has  demonstrated  devices  vibrating  at  588  Hz  with  tip  displacements  of  213  pm 
for  a  500-pm-long  haltere  beam.  A  haltere  being  actively  actuated  is  shown  in  figure  20.  The 
image  to  the  left  is  the  haltere  without  any  applied  electrical  field,  while  the  image  on  the  right  is 
the  same  haltere  under  and  applied  field  of  6  V. 


Figure  20.  (a)  Micrograph  of  released  haltere  and  (b)  micrograph  of  haltere  at  resonance  with  6-V  input 
and  213  pm  of  Cu  mass  displacement. 
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Characterization  of  output  signal  to  rotational  rate  is  pending  and  was  started  in  December  2011. 
The  individual  dies  were  placed  in  24  dual  inline  package  (DIP)  Kovar,  packaged,  and 
wirebonded.  A  circuit  that  will  buffer,  amplify,  and  convert  the  signal  from  analog  to  digital  has 
been  designed  and  fabricated.  Mechanical  rotation  of  this  circuit  board  will  be  performed  at 
Aberdeen  Proving  Ground  (APG)  in  collaboration  with  Vehicle  Technology  Directorate  (VTD) 
on  a  custom  designed  three-axis  gimbaled  rate  table  (figure  21).  The  table  meets  all  the 
requirements  needed  to  characterize  haltere  on  a  single  axis  like  any  standard  rate  table,  but  was 
also  chosen  for  the  potential  to  characterize  a  system  of  haltere  in  all  three  rotation  axes.  Results 
of  the  pending  test  will  validate  the  models  and  be  used  to  iterate  the  design. 


Figure  21.  The  three-axis  rate  table,  designed  and  fabricated  by  VTD,  to  be 
used  to  charaterize  the  PiezoMEMS  haltere. 


4.  Conclusions 


MEMS-scale  haltere  sensors  were  successfully  designed  and  fabricated  with  a  control  scheme 
that  enables  simple,  straightforward  decoupling  of  the  signals.  Results  were  presented  in  four 
principal  areas  that  contributed  to  this  success: 

1.  Passive  mechanical  logic  was  designed  to  facilitate  the  decoupling  of  the  forces  acting  on 
the  sensor. 
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2.  A  control  scheme  was  developed  that  efficiently  and  accurately  decouples  the  three 
component  parts  from  the  haltere  sensors. 

3.  Individual,  coupled,  and  arrayed  halteres  were  fabricated  in  the  MEMS  foundry  at  ARL- 
ALC. 

4.  The  materials,  composite,  and  dynamic  testing  has  been  initiated  and  is  underway  on  the 
completed  sensors. 

A  series  of  static  electrical  tests  and  dynamic  device  tests  were  conducted,  in  addition  to  in-situ 
bend  tests,  to  validate  the  initial  simulation  results.  The  simulation  and  experimental  results, 
taken  as  a  whole,  indicate  that  the  area  of  the  PZT  designated  for  sensing  will  be  inherently 
sensitive  to  the  Coriolis  forces  caused  by  changes  in  angular  rate. 

The  successful  fabrication  of  a  micro-ARS  represents  a  substantial  breakthrough.  This  is  an 
enabling  technology  for  a  number  of  Army  applications,  including  MAVs.  There  are  already  a 
number  of  MAV  designers  that  are  actively  collaborating  with  us  to  facilitate  the  transition  of 
this  sensor  system  into  a  MAV  avionics  package. 

At  time  of  submission  ( December  2011),  the  sensor  system  in  development  within  this  DR1  is  the 
world  ’.s'  smallest  three-axis  ARS. 
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6.  Transitions 


This  work  has  already  resulted  in  two  invited  publications  (Smith  et  al.,  2011;  Smith  et  al.,  2012) 
and  one  invited  presentation  (Smith  et  al.,  2012).  Two  technical  reports  have  resulted  from  this 
work  and  are  in  preparation  (Jordan  et  al.,  in  preparation  a,b). 

Additionally,  work  has  begun  to  integrate  haltere-based  ARS  into  the  avionics  of  Professor  Rob 
Wood’s  Robo-fly  at  Harvard  and  Professor  Sean  Humbert’s  mini-Quad  at  the  University  of 
Maryland. 

Work  is  continuing  on  this  effort  in  the  PiezoMEMS  and  the  Nano  and  Micro  Sensors  Teams’ 
mission  programs. 

Future  Work 

Initial  data  from  these  tests  were  also  presented.  These  data  will  be  used  to  optimize  the  sensor 
performance  and  establish  baseline  material  property  values  for  use  in  future  ANSYS 
simulations.  The  load  resolution  of  the  current  in-situ  FESEM-FIB -based  test  system  was  not 
sufficient  to  characterize  the  elastic  response  of  the  halteres.  We  have  identified  a  load  sensing 
probe  capable  of  resolving  loads  as  small  as  ~5  nN  over  a  range  of  10  mN.  The  load  range  and 
resolution  are  more  appropriate  for  the  load  regime  required  to  deflect  the  haltere  structures. 
Complete  testing  of  this  sensor  system  including  three-axis  angular  rate  and  complete  materials 
characterization  is  underway  and  will  be  reported  over  the  following  year. 
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List  of  Symbols,  Abbreviations,  and  Acronyms 


3-D 

three-dimensional 

A-D 

analog-to-digital 

ALC 

Adelphi  Laboratory  Center 

APG 

Aberdeen  Proving  Ground 

ARL 

U.S.  Army  Research  Laboratory 

ARS 

angular  rate  sensor 

Au 

gold 

CMOS 

complementary  metal-oxide  semiconductor 

Cu 

copper 

DIP 

dual  inline  package 

DRI 

Directors  Research  Initiative 

FESEM 

Field  Emission  Scanning  Electron  Microscope 

FIB 

focused  ion  beam 

IMUs 

inertial  measurement  units 

MAVs 

Micro  Air  Vehicles 

MEMS 

micro  electro-mechanical  systems 

PiezoMEMS 

piezoelectric  MEMS 

Pt 

platinum 

PZT 

lead  zirconate  titanate 

SEM 

scanning  electron  microscope 

SEMASC 

Specialty  Electronic  Materials  and  Sensors  Cleanroom 

Si02 

silicon  dioxide 

SWaP 

size,  weight  and  power 

VTD 

Vehicle  Technology  Directorate 
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WMRD 


Weapons  and  Materials  Research  Directorate 
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